ORIGIN is a medium size high-energy mission concept submitted to ESA in response to the Cosmic Vision call issued on July 2010. The mission will investigate the evolution of the Universe by performing soft X-ray high resolution spectroscopic measurements of metals formed in different astrophysical environments, from the first population III stars at z > 7 to the present large scale structures. The main instrument on-board ORIGIN will be a large format array of TES X-ray micro-calorimeters covering a FOV of 30' at the focal plane of a grazing incidence optical module with a focal length of 2.5 m and an angular resolution of 30'' HEW at 1 keV. We present the optical module design which is based on hybrid technologies, namely Silicon Pore Optics for the outer section and Ni electro-forming for the inner section, and we present the expected performances based on test measurements and ray-tracing simulations.
INTRODUCTION
ORIGIN is a high-energy astrophysics mission designed to study the metal creation from cosmic dawn, which has been proposed in response to the M3 mission call of ESA issued in July 2010. Using high-spectral resolution in the soft X-ray band, ORIGIN will be able to identify the physical conditions of all abundant elements between C and Ni over a red-shift range up to z=10 and beyond. The mission will answer questions including: When were the first metals created? How does the cosmic metal content evolve? Where do most of the metals reside in the Universe? What is the role of metals in structure formation and evolution? To reach out the early Universe, ORIGIN will use Gamma-Ray Bursts (GRB) to study the local environment of the host galaxies. This requires the capability to slew the satellite in less than a minute to the GRB location. Fast re-pointing is achieved by a dedicated Controlled Momentum Gyro, and a low background is obtained selecting a low Earth orbit. The ORIGIN mission includes three science instruments:
• TED (Transient Event Detector): a coded mask hard X-ray detector (5-200 keV) to identify and localize ~400 GRB's per year. A unique feature of TED is its wide field coverage (4 sr) resulting in a wealth of additional science for transient events. TED will have the sensitivity to detect ~65 GRB's (z >7) over a 5 year mission.
• CRIS (Cryogenic X-Ray Imaging Spectrometer): a high spectral resolution (<2.5 eV) X-ray telescope with a TES micro-calorimeter array (0.2-8 keV), with a large collecting area to enable element fingerprinting, and with a low background to study clusters and map a region of 2×2.5 deg 2 to determine the physical properties of the WHIM.
• BIRT (Burst InfraRed Telescope): an infrared telescope with a spectral resolution of 20 to 1000 over the range of 0.5 -1.7 μm, to determine GRB red-shifts in case of low metallicities (z = 5.5 -12 with HAB= 22), perform complementary measurements of the chemical abundances of low ionization species and probe the presence of dust.
The Cryogenic Imaging Spectrometer (CRIS) is the prime instrument of the mission. It allows wide field imaging of a 30' FOV area on the sky with an effective area > 1500 cm 2 at 1 keV and > 150 cm 2 at 6 keV. The detector has three different sections including an inner array of 26 x 26 pixels with energy resolution of 2.5 eV, an outer array of 72 x 72 pixels with energy resolution < 5 eV, and a third array 20 x 20 pixels located at on one side of the outer array for detecting GRBs. In the outer array four pixels are read out by a single TES connected by 4 different strong thermal links. This type of detector allows the identification of the X-ray absorbing pixel from the pulse shape before the TES and the 4 absorbers come into thermal equilibrium [1] . The GRB detector array is placed 8 mm out of focus to spread the Point Spread Function (PSF) over a sufficiently large number of pixels so that the maximum count-rate capability of each pixel is not exceeded when observing bright GRB afterglows. Figure 1 shows the layout of the detector at the focal plane of the CRIS optical module. Its confusion limit is 10 -15 erg cm -2 s -1 for 0.5-2 keV and its point source line detection sensitivity at 0.5 keV (5σ) is typical 2 10 -7 photons cm -2 s -1 for a 100 ks observation. Figure 1 . Layout of the TES micro-calorimeter detector at the focal plane of the CRIS optical module. The GRB detector is located 8 mm out of focus to spread the PSF of bright sources over a larger number of pixels.
The CRIS instrument is largely based on the most significant technology developments carried out for the International X-ray Observatory (IXO) and for ASTRO-H. In particular, the optics development will rely partially on the Silicon Pore Optics (SPO) technology under development for IXO [2] [3] and partially on the Ni electroforming optics technology already proven in several X-ray telescopes [4] [5][6] [7] . The instrument design has been optimized to give a high grasp (the effective area on-axis times the solid angle of the field of view) by having a short focal length (2.5 m). Considering the size of the detector, the useful field of view (FOV) of the optical module is 30'. With this configuration we maximize the effective area at lower energies (<1 keV) while retaining a reasonable effective area at 6 keV (>150 cm   2 ). The short focal length also implies a low moment of inertia, necessary for fast re-pointing.
THE OPTICAL MODULE OF THE CRYOGENIC IMAGING SPECTROMETER
To meet the ORIGIN requirements for the CRIS instrument of high effective area at 1 keV, a working range of 0.2-8 keV, and an angular resolution < 30" HEW on-axis we have proposed an optical module design based on a hybrid mirror technology: the outer part of the mirror will be built with SPO and the inner part with the standard Ni electroforming technology ( Figure 2 ). This choice reduces the mass since SPO are very lightweight. For the high-energy response the inner mirror is needed since the feasibility of SPO optics has only been demonstrated at radii down to 0.3 m. The optical module will be a conical approximation to Wolter-I geometry. In the following sections we describe the main characteristic of the proposed technologies and the design parameters of the outer (SPO) and inner (Ni electroforming) mirrors.
Outer Section -Silicon Pore Optics
SPO relies on using the optically-polished surface of coated Si wafers as reflectors and properly stacking a set of these wafers in elements that, placed behind each other, can approximate the required geometry of a double reflection focusing mirror module [7] [8] . A large number of this elements named mirror modules (MM), each one with proper geometry for a given radius can be mounted together to fill the entrance pupil of the optical module and provide large collecting area. The construction process of an SPO stack follows these main steps [9] [10]:
1. Procurement of a high surface quality Si wafer; 2. Growth of an oxide layer to protect the optical surface during etching processes; 3. Dicing to make square plates; 4. Ribbing the plates by dicing (sawing) to create pores, then wedging to determine proper grazing angle inclination of the plate; 5. Coating the optical surface with a metal to increase X-ray reflectivity leaving uncoated channels where ribs of an adjacent plate will be bonded in the stacking process; 6. Bending plates and stacking a few tens of them onto a concave mandrel, namely cylinder, cone or Wolter-I depending on the required angular resolution. E.g. for a focal length of about 20 m like IXO, a cylindrical mandrel would be sufficient for 30" Half Energy Width (HEW) resolution, conical for 10" and true Wolter-I is needed for < 5". For the CRIS optics of ORIGIN conical mandrel can be used to bend the plates; 7. Optical bonding and annealing to rigidly attach plates while they are hold curved onto the mandrel. The annealing is still an option, it may be replaced by Plasma Activation applied before stacking a plate; 8. Release of the concave tool that hold the plates onto the mandrel; 9. Mounting and integration When a plate is bent the optical surface faces the center of curvature of the concave mandrel while ribs are facing down and are thus forced to slightly open to point to a common centre. This effect is not negligible for the inner radii of the optical module. For example bending of a plate onto a concave mandrel with 30 cm curvature radius causes in each pore the ribs to open on top by 2.6 μm. Since this effect is cumulative, in the outer pore of a plate (25 pores off the center), the top edge of the ribs will be off by 65 μm with respect to its position in a flat plate. This effect could cause the outer ribs to partially get out of the open channels of the next plate in the stacking process and overlap the metal coated reflecting surface thus implying a non-ideal bonding. To prevent this, the metal coating of the optical surface, which leaves open channels for bonding the next plate in the stack, will be performed using a different lithographic mask every small number (TBD) of plates. The masks will all have a constant spacing of the open channels that changes to follow the opening of the ribs as the curvature radius changes from the inner radii to the outer radii of the optic (Cosine Research (NL) private communication). A fully automated stacking robot is operating to assemble stacks of plates according to the IXO optics design with 20 m focal length and a bending radius of 0.74 m [11] [12] . For our application we have to stack shorter wafers with an inner bending radius of 0.3 m. The smaller bending radius has been studied by finite element modeling and has been demonstrated by bending and bonding of two mirror plates with this radius (Cosine Research (NL) private communication). An angular resolution (HEW) < 20" has been repeatedly demonstrated by X-ray pencil beam measurements performed at PTB in Berlin for a set up to 45 plates of an IXO mirror module, mounted in representative flight configuration [10] [13] . These results indicate that in the case of ORIGIN, the 30″ HEW requirement on-axis, being dominated by the conical approximation to the Wolter-I optics, is achievable. To increase the mirror reflectivity, the SPO will be coated with a three layer reflecting surface: C (25 Å) -Ni (25 Å) -Pt (300 Å). To estimate the effective area we assumed the proven thickness of the reflectors (170 μm) but FEM calculations suggest that we can reduce this to 120 μm resulting in a gain of 10% of the area. For the design of the SPO covering the outer part of the CRIS optical module we built upon the experience matured for the IXO optical module [14] [15] . The coverage of the entrance pupil will be obtained by assembling a large number of mirror modules (MM) each one containing the 1α and 3α stacks of plates. Each stack contains 40 plates with a thickness of 0.17 mm, and spacing between plates equal to 0.775 mm. The pore width is 1 mm, and the rib width is 0.17 mm. Figure 3 shows the layout of one SPO quadrant covering the outer part of the CRIS optical module. The quadrant has been divided in six annuli, each one containing two rows of MM. The separation between MM in a row is 10 mm, while the separation between MM in two adjacent annuli is 15 mm. The stack width varies from 51.4 mm to 63.6 mm, going from the inner to the outer radii, which is a bit less than the 65.7 mm currently under development by Cosine Research (NL). This difference should not be critical, however, the arrangement of the mounting structure and blocking areas can be optimized to obtain stack widths closer to the currently produced width of 65.7 mm. Figure 3 does not show the spider support structure (8 spokes over the full optical module area). Since the spacing of the reflecting surface of the plates is constant by construction and equal to 0.775 mm, in order to maintain a zero vignetting on axis the height of the plates (P+H) changes along the radii from 45.0 mm for the inner radius to 17.3 mm for the outer radius. The same condition is obtained for the inner Ni electroforming optics by maintaining a constant length of 400 mm and changing the spacing between shells from 0.72 mm for the inner radius to 4.7 mm for the outer radius. Table 1 summarizes some of the main design parameters of each one of the four SPO quadrants. 
Inner Section -Ni electroforming
The inner section of the CRIS optical module is based on mirrors replicated from mandrels, obtained using the Nickel electroforming technique. This technology is in use since decades [16] to manufacture grazing incidence X-ray mirrors of any profile (double cone, Wolter-I, or polynomials) with a good angular resolution (∼15 arcsec) while keeping the thickness of the mirrors low (a few tenth mm), therefore enabling a dense nesting of mirrors. The Ni electroforming has already been used successfully to manufacture the mirrors of Beppo-SAX [16] , Newton-XMM [17] , SWIFT-XRT [18] with single Gold layer (TRL 9), and is also one of the technologies in use for hard X-ray optics with multilayer coatings [19] [20] [21] . The manufacturing technique consists of a figured mandrel in Aluminum with an amorphous Nickel-Phosphorous coating, with the negative profile of the mirror to be produced. The chemical electroless Nickel is a suitable material to superpolish the mandrel surface down to a few angstrom rms level, an important requirement for the replicated mirror to keep the X-ray scattering as low as possible. A thin film (50 -150 nm) of Gold [22] is then evaporated on the mandrel, and the Nickel mirror walls are grown on the Gold layer in an electrochemical bath. The mirror is finally released by cooling the mandrel, owing to the much higher CTE of the Aluminum mandrel with respect to the Nickel mirror. In this process, the Gold layer acts both as a soft X-ray reflecting layer, and as a release agent since its adhesion to the electrochemical Nickel of the mandrel is very low. A particular attention has to be paid to the optimization of the Gold layer thickness [22] , that has to be thick enough to chemically isolate the mirror Nickel from the Nickel coating of the mandrel, but at the same time thin enough to limit the growth of the roughness. A multilayer coating can be finally deposited on the inner side of the mirror shell by means of two linear sources [23] . The mandrel, after a thorough cleaning, can be reused to produce another mirror of the same profile and size. A critical aspect of the electroforming process is the accuracy of profile replication: the electroforming and release process introduce an internal stress in the texture of the Nickel mirror, which may deform the mirror if its rigidity is not sufficient. This risk is present in particular when the mirrors have a very low incidence angle to enhance the reflectivity in hard X-rays, because a very large number of mirrors have to be employed to fill the aperture of the module. In this case, the mirrors walls must be very thin; otherwise, the effective area/mass ratio of the optics becomes unfavorable. Two methods can be used to improve the imaging quality:
1) The adoption of galvanic alloys with a higher rigidity than pure Nickel, like the Nickel (80%) -Cobalt (20%) alloy (NiCo). The adoption of the NiCo alloy for manufacturing Wolter-I has been developed at the NASA-Marshall Space Flight Center [24] and extensively studied at Harvard -Center for Astrophysics (Boston, USA) as a candidate for the focusing mirrors of the Constellation-X hard X-ray telescope [24] [28] hard X-ray telescopes. The NiCo technology (TRL 5) is not as advanced as pure Nickel, but it is very promising since it exhibits a higher elastic limit than pure Nickel [23] therefore it can better outstand the stress that arises during the electroforming, the release, and the subsequent handling and integration. In addition, the polycrystalline micro-texture of the NiCo alloy is much finer than pure Ni, resulting in a shining color and a better micro-roughness of the optical surface [23] [25].
2) The optimization of the mirror walls thickness. An excessive thickness would increase the overall mass and decrease the clear aperture of the mirror with a consequent decrease of effective area. On the other side, the required imaging quality of 30 arcsec HEW is mostly determined by the figure accuracy of the mirrors, which can be degraded easily if the mirrors are too thin and prone to deform. The angular resolution turns out to be a function of the ratio thickness/radius, k, assumed to be constant throughout the mirror module: more exactly, the analytical relation between k and the HEW [29] is expressed by a power-law, HEW ≈ H 0 k -z , with z = 0.566, and H 0 ≈ 0.548 arcsec. These coefficient values are, strictly speaking, referred to the NHXM case of 600 mm-long mirror shells. For shorter mirror shells like ORIGIN's, the optical quality is expectedly more affected by the edge effects, but for a preliminary analysis the same values can be assumed. Making different hypotheses on the required angular resolution, we derive the results presented in Table 1 . We note that the study of the effective area has so far assumed the thickness of mirrors to take on two values: 0.3 mm for the 43 outermost mirrors and 0.2 mm for the 43 innermost ones, with a total mirror mass of 58 kg, without accounting for the spiders and the other supporting structures. These values of thickness are in the range of the solution No. 2 in Table 2 , i.e., the one yielding a 20 arcsec HEW. Improving further the angular resolution by 5 arcsec (No. 3) would require an increase of the total module mass by almost a factor two. 
PERFORMANCE SIMULATION
The ray-tracing used to check the performance of the designed optical module is a modified version of the code already used to calibrate Beppo-SAX [30] and SWIFT-XRT optics [31] , to evaluate the performance and to design the baffle for reducing the stray-light at the focal plane for the telescopes foreseen in EDGE [32] and SIMBOL-X [33] ; moreover, a modified version of the code has also been used to simulate reflection from spiral optics [34] [35] . It is a stand-alone software that follows, from the pupil to the focal plane, photons that are reflected from the mirror surface according to geometrical optics and mirror reflectivity computed using the standard routines based on solution of the Fresnell equations. Effects of the surface micro-roughness can be introduced either with a phenomenological model that takes into account the scattering dependence on energy, or with a Gaussian distribution whose sigma, independent from energy, is properly tuned to reproduce the PSF characteristics. The code is able to compute the reflectivity of grazing incident photons from several coating of the reflecting surface (Au, Ni, Pt, Ir, and multilayers) using tables, theoretical formulas and experimental results. It is moreover able to model the interaction of protons with the optics [36] that, according to Chandra and XMM experience [37] , acts as focusing system also for these charged particles increasing the instrumental background at the focal plane. The SPO have been modeled as nested shells with a conical approximation taking into account the effective area reduction due to the mounting structure of the mirror according to the mechanical design of the optic shown in Figure 2 . Pores are simulated with a rectangular shape of 1 mm width (reflecting side) and 0.605 mm height. The separation between pores is 0.170 mm (ribs), which is the same as the thickness of the silicon plates. Effects of the distortion of the plates from the pure conical shape and mounting tolerances of the stacks are included, adding a phenomenological description of the scattering, with a Gaussian distortion from the pure geometrical reflection with an HEW of 16". The adopted value is based on the current best results obtained from imaging tests performed on a double reflection MM with 45 plates [38] .
The Ni electroformed shells of the inner optical module have been modeled with a Wolter-I geometry (Parabola + Hyperbole) assuming that the spider support structure covers 10% of the entrance pupil geometric area. Also in this case we have introduced a Gaussian distortion from the nominal geometrical reflection with an HEW of 12" to account for figure errors, micro-roughness and mounting tolerances. The adopted value is based on the experience from the calibration of the SWIFT-XRT telescope [31] . Table 3 summarizes the main parameters of the two modeled optical modules. 
Effective Area
The effective area (EA) on-axis as a function of the incident photon energy has been derived using the ray-tracing code separately for the inner and outer mirrors. For the inner mirror built with Ni electroforming technology we have modeled two different reflecting coatings. A pure Au coating applied to all reflecting shells (baseline for the mission) and a Pt-C multilayer (ML) coating applied to the outer shells to be considered as a case study and back-up solution. For the ML case the mirror shells have been divided in 6 groups: shells with incident angle < 0.5 deg belonging to group 1 have been coated with Au, the shells of the other five groups have been coated with a ML recipe with a constant D spacing for each shell but variable with the shell radius as reported in Table 4 . For all ML recipes we have used a Γ = 0.6 (C thickness/Pt thickness), and a number of bi-layers in the ML stack = 15. Figure 4 shows the plots of the calculated effective area for the inner optical module with Au coating (left panel) and with the ML coating on the right panel. The ML recipe has been designed to provide an increased EA at 6.5 keV. The EA at 6.5 keV is 300 cm 2 with the ML and 159 cm 2 with a bare Au coating. 
Angular Resolution
The scientific requirement of an angular resolution of 30" HEW on-axis can be achieved using a conical approximation to the Wolter-I geometry for the outer mirror module, where the replication of Wolter-I mandrels has not yet been fully developed although it has been considered within the IXO development program [10] . The inner mirror module has been designed according to the Wolter-I geometry since its implementation with the Ni electroforming technology is mature and has already been proven in space. Figure 5 shows the HEW angular resolution vs. off-axis angles at three different photon energies, namely 0.5, 1.5 and 6.5 keV. Figure 6 shows images of the PSF at the same energies both on-axis and at three different off-axis angles, namely 5, 10, and 15 arcmin. At 0.5 keV the EA and thus the angular resolution performance is largely dominated by the outer mirror module. The on-axis angular resolution is marginally above the scientific requirements, and only slowly deteriorates with increasing off-axis angle due to the short length of the mirror, which minimizes the spherical aberration. At 6.5 keV, only the inner mirror module contributes to the EA and the angular resolution is thus dominated by the Wolter-I geometry. The angular resolution on-axis is very good but it deteriorates faster at increasing off-axis angles due to the larger length of the mirror and thus non-negligible spherical aberration. A slight Coma aberration can be noticed in Figure 6 for the PSF images at low energies and large off-axis angles. At 6.5 keV, where only the inner mirror module contributes with the smallest incidence angles, the PSF images at large off-axis are strongly affected by vignetting.
0.5 keV 1.5 keV 6.5 keV Figure 6 . Images of the PSF at 0.5, 1.5, and 6.5 keV incident photon energies, on-axis (first row), and 5, 10, and 15 arcmin off-axis (row 2, 3 and 4). Each image is 4×4 arcmin 2 . Figure 7 shows the vignetting of the full optical module vs. off-axis angle at three different incident photon energies, namely 0.5, 1.5, and 6.5 keV. At low energies, where the EA is dominated by the outer mirror, the vignetting is not severe even at the edge of the FOV of the micro-calorimeter TES array. At high energies, where only the inner mirror provides EA, the vignetting is quite significant since the off-axis angle becomes comparable with the angles of incidence onto the inner shells of the inner mirror module. 
Vignetting

SUMMARY AND CONCLUSIONS
We have presented the main design characteristics and simulated performances of the optical module of the Cryogenic X-Ray Imaging Spectrometer of the mission ORIGIN, a medium size high-energy mission concept submitted to ESA in response to the Cosmic Vision M3 call issued on July 2010.
In order to meet the scientific requirements of the ORIGIN mission, namely: 1) Energy range 0.2-8 keV; 2) Effective area >1000 cm2 @ 1 keV, and >100 cm2 @ 6 keV; 3) FOV > 30'; and 4) Angular Resolution HEW < 30" on axis, and the short focal length constraints deriving from fast re-pointing of transient events, we have proposed a telescope design based on a hybrid mirror technology. The outer part of the mirror module is based on SPO technology and the inner part on standard Ni electroforming technology. This choice reduces the mass since the SPO is very lightweight but still provides the high-energy response with the Ni mirror module filling the region at radius < 30 cm where the SPO technology is not yet demonstrated.
We have briefly described the mirror technologies that are proposed for the construction of the telescope and have presented the main design parameters. The telescope optic will have a double cone profile for the outer module and Wolter-I profile for the inner module. An optimization study of the reflecting coatings has been performed to obtain both high response in the soft band (Carbon over-coating) and get increased efficiency at the energy range of the Iron K lines (multilayers).
Using a ray-tracing code previously developed for the calibration of Beppo-SAX and SWIFT-XRT, and properly modified to account for the CRIS telescope characteristics, we have simulated the expected performances of the telescope in terms of effective area, energy response, and angular resolution.
The calculated effective area is significantly larger than the requirements at 1 keV and consistent with the requirements at 6.5 keV using Au coating for the shells of the inner mirror module. The use of a more sophisticated ML coating on the outer shells of the inner mirror module can provide a factor two gain in the EA at 6.5 keV.
The angular resolution of the telescope has been derived including, beside the intrinsic aberrations of the adopted geometry, an additional error of 16" HEW for the SPO to account for figure errors of the plates in the stacks and mounting tolerances of the MM in the telescope structure according to the present achievements of this technology. The calculated angular resolution on-axis is marginally above the requirements (32" HEW on-axis) due to the error budget of the SPO technology. The angular resolution is not dominated by the conical approximation (22" HEW on-axis), therefore, the expected improvements in the SPO technology will allow an improvement of the angular resolution maintaining the current telescope design.
The current design of the outer mirror module significantly relies on the IXO mirror module development program carried out at ESA. For this reason we quoted in the proposal a Technology Readiness Level (TRL) 4-5 for the outer mirror module. For the inner mirror module based on Ni electroforming technology, the TRL is 9 if we choose the bare Au coating, since the technology has been already successfully used in space in several missions, while it lowers to 5-6 for the ML coating option.
